The expression of unique surface structures on tumors that allow for recognition and activation of host immunocompetent cells plays an important role in determining tumor growth and/or metastasis. Recent studies have identified an important role for heat shock proteins (Hsp) in antitumor surveillance; however, the exact role of Hsp expressed on the surface of tumors has not been fully addressed. In this study, we show that 4T1 mammary adenocarcinoma cells sorted for high Hsp25 surface expression (Hsp25 
Introduction
Tumor-host interactions play an important role in determining tumor progression, especially in cases that involve metastasis. Biological response modifiers including cytokines, chemokines, growth factors and heat shock proteins (Hsp) have been shown to orchestrate some of these events. Hsp are highly conserved proteins found in all prokaryotes and eukaryotes. Under normal physiological conditions, Hsp are expressed at low levels [1] . However, a wide variety of stressful stimuli, including environmental stimuli (UV radiation, heat shock, heavy metals and amino acids), pathological stimuli (viral, bacterial and parasitic infections or fever, inflammation, malignancy or autoimmunity) and physiological stimuli (growth factors, cell differentiation, hormonal stimulation or tissue development), induce a marked increase in intracellu-lar Hsp synthesis, a process known as the stress response [2] . The heat shock response is an evolutionarily conserved process which is geared to result in an increase in Hsp. This process is regulated at the transcriptional and translational level. Hsp genes are under the control of specific regulatory sequences, known as heat shock elements, which are localized upstream of the Hsp genes. In response to a variety of stressful stimuli, mentioned above, a specific transcription factor, heat shock factor-1, is activated through a trimerization process which triggers its binding to heat shock elements and leads to the transcriptional activation of heat shock genes [3] .
Based on their apparent molecular mass, Hsp are subdivided into two main groups, the small and large Hsp. Hsp25, the murine homologue of human Hsp27, is a ubiquitously expressed member of the small Hsp family that has been implicated in various biological functions. In contrast to large Hsp, Hsp25/27 act through ATP-independent mechanisms, and in vivo they act in concert with other chaperones by creating a reservoir of folding intermediates. Hsp25/Hsp27 are associated with estrogenresponsive malignancies and are expressed at high levels in biopsies as well as circulating in the serum of breast cancer patients [4] [5] [6] . Activation of the heat shockresponsive element on the Hsp25/27 gene results in biological functions associated with cytoprotection from a variety of stressful stimuli as mentioned above. The upregulation of intracellular Hsp25/27 protects cells from tumor necrosis factor-alpha (TNF-·)-mediated apoptosis by a mechanism that involves the downregulation of reactive oxygen species [7] [8] [9] .
The Hsp70 family, known as large Hsp, constitutes the most conserved and best studied class of Hsp, which are categorized on the basis of their cellular location and molecular weight. The Hsp70 family includes the constitutively expressed Hsp70 (Hsc70, 73 kDa), the stressinducible Hsp70 (Hsp72, 72 kDa), which is principally located in the cytosol, the Hsp70 located in the mitochondria (Hsp75, 75 kDa) and the Hsp70 resident in the endoplasmic reticulum [glucose-regulated protein 78 (Grp78), 78 kDa]. In response to the various kinds of stressful stimuli mentioned above, there is an increased synthesis of Hsp72, which enhances the ability of the cell to cope with concentrations of unfolded or denatured proteins [10] . Recent studies have begun to define other functions associated with Hsp72, which seem to depend on its location within the host. When expressed at high levels within the cell, Hsp72 interferes with apoptosis and provides cytoprotection against the variety of stresses mentioned above [11] . When expressed on the cell surface, Hsp72 directly activates natural killer (NK) cell lytic machinery against Hsp72-expressing tumors [12, 13] . When Hsp72 is released into the extracellular milieu, including areas of inflammation and/or found freely circulating in the serum, extracellular Hsp72 stimulates the secretion of proinflammatory cytokines by antigen-presenting cells (APC), referred to as the chaperokine activity of Hsp72 [14] [15] [16] .
In this study, we answer the question as to what role the two Hsp Hsp25 and Hsp72 have on tumor growth and metastatic spread of tumors when expressed on the surface of 4T1 tumor cells. By sorting 4T1 mammary adenocarcinoma cells based on the surface expression of either Hsp25 or Hsp72, we show that these proteins greatly affect tumor growth and metastatic spread of tumors from the abdominal breast gland to the lungs and ultimately affect survival.
Materials and Methods

Cell Lines and Culture Conditions
Murine breast carcinoma 4T1 cells (kind gift from Dr. Christopher Nicchitta, Duke University Medical Center, Durham, N.C., USA) are a 6-thioguanine-resistant cell line selected from 410.4 tumor without mutagen treatment. When injected into the abdominal breast gland of female BALB/c mice (8-12 weeks old), 4T1 spontaneously produce highly metastatic tumors that can metastasize to the lung, liver, lymph nodes and brain while the primary tumor is growing in situ. The primary tumor does not have to be removed to induce metastatic growth. The tumor growth and metastatic spread of 4T1 cells in BALB/c mice very closely mimic human breast cancer.
For the present study, 4T1 cells were maintained in Dulbecco's modified Eagle medium (Invitrogen, Carlsbad, Calif., USA) containing 2 mM L-glutamine and adjusted to contain 1.5 g/l sodium bicarbonate, 4.5 g/l glucose, 10 mM HEPES, 1.0 mM sodium pyruvate and 10% fetal bovine serum at 37°C in a humidified incubator with a 5% CO 2 atmosphere.
Animals and Tumor Challenges
BALB/c mice purchased from Jackson Laboratories (Bar Harbor, Me., USA) were challenged by injection of 4T1 cells into the abdominal mammary gland, and tumor volume was measured at regular intervals using an electronic caliper until tumor size reached 1,000 mm 3 . The tumor volume was estimated using the formula for the volume of an ellipsoid (length ! width ! height ! 0.5236). All animals were treated humanely and in accordance with the guidelines of the Committee on the Care and Use of Laboratory Animals of the Institute of Animal Resources, National Research Council and Boston University School of Medicine.
Clonogenicity (Tumor Cell Survival) Assay
The ability of tumor cells to divide following various treatment protocols was assessed using the clonogenicity assay as previously described [17, 18] minced with trypsin, seeded in triplicate at 1,000 cells/60-mm 3 Petri dish and incubated at 37°C in a 5% CO 2 air atmosphere. Ten to twelve days later, the plates were washed twice with PBS and colonies were stained with crystal violet and counted. The colonizing efficiency was scored, and results were compared to those in vehicle-treated cells.
Flow Cytometry and Cell Sorting
Exponentially growing cells were harvested and incubated with either anti-murine Hsp25 (StressGen Biotechnologies, Victoria, Canada) or anti-Hsp72 (StressGen Biotechnologies) or both, and the relative intensity was measured using a FACSCAN flow cytometer and sorting was performed on a MoFlow cytometer. Anti-rabbit Alexa Fluor-labeled and anti-mouse PE-labeled secondary antibodies were isotype matched and used as negative controls. The viability of cells was tested by propidium iodine exclusion test, and only cultures with ! 5% dead cells were used (data not shown). Briefly, flow cytometric analysis was performed on a FACScan with a CellQuest software program (Becton Dickinson, Mountain View, Calif., USA). Individual cells were gated on the basis of forward (FSC) and orthogonal scatter (SSC). The photomultiplier (PMT) for FITC (FL1 -height) or PE (FL2 -height) was set on a logarithmic scale. Cell debris was excluded by raising the FSC -height PMT threshold. The flow rate was adjusted to ! 200 cells/s, and at least 30,000 cells were analyzed for each sample.
Western Blot Analysis
Following various treatment protocols, cells were lyzed using RIPA buffer containing appropriate protease inhibitors, and the protein concentration was determined using the Bradford method (BioRad, Hercules, Calif., USA) with a DU-650 Spectrophotometer (Beckman Coulter). Samples were run in a 12% SDS-PAGE gel and transferred onto a nitrocellulose membrane. The membrane was blocked for 1 h at 4°C with Tween 20-Tris-buffered saline (T-TBS) containing 5% milk. After rinsing, the membrane was probed with a primary antibody against Hsp72 (StressGen Biotechnologies) in a dilution ratio of 1:2,000 or Hsp25 (StressGen Biotechnologies) in a dilution ratio of 1:1,000. Antibodies were diluted in T-TBS containing 5% milk. After 1 h of incubation at room temperature, the membrane was washed in T-TBS three times. Corresponding HRP-conjugated IgG secondary antibodies (Sigma-Aldrich, St. Louis, Mo., USA) were added and the membrane was incubated for 30 min at room temperature. After additional washes, bands were visualized using enhanced chemiluminescence (Amersham, Little Chalfont, UK).
Statistical Analysis
The data were analyzed using a two-tailed t test after applying ANOVA. Differences were considered significant when p ! 0.05.
Results
Expression of Hsp25 and/or Hsp72 on 4T1 Breast Adenocarcinoma Cells
Although Hsp25 has been shown to be expressed at high levels within the cytosol of breast tumors, little is known about the role of Hsp25 surface expression during tumor growth and metastasis. To give insight into a possible answer to this question, we used the 4T1 breast adenocarcinoma model. 4T1 cells spontaneously produce highly metastatic tumors that can metastasize to the lung, liver, lymph nodes and brain while the primary tumor is growing in situ. Unlike other metastatic tumor models, the primary tumor does not have to be removed to induce metastatic growth. Importantly, the tumor growth and metastatic spread of 4T1 cells in syngenic BALB/c mice very closely mimic human breast cancer. Indeed, injection of as few as 7 ! 10 3 4T1 cells into the abdominal breast gland of female BALB/c mice resulted in visible lung metastasis 21 days after tumor cell inoculation ( fig. 1 ). Phenotypic analysis of cultured 4T1 cells showed that between 15 and 20% of the cultured cells express Hsp25 and little to no Hsp72 on the cell surface ( fig. 2, middle  panel) . Flow cytometric analysis revealed that there were two subpopulations of Hsp25-expressing 4T1 cells, i.e. 
Surface Expression of Hsp25 and/or Hsp72 during Tumor Growth of 4T1 Breast Adenocarcinoma
Pioneering work from the Multhoff laboratory clearly demonstrates that the expression of Hsp72 on the surface of tumors is a target for NK cell-mediated cytolytic machinery [12, 13, 19, 20] . In agreement with these studies, nonlethal heat shock treatment of 4T1 cells injected into the abdominal breast gland of female BALB/c mice resulted in a slower growth of tumors as compared to nonheat-shocked 4T1 tumors (data not shown). Since nonlethal heat shock treatment induces 4T1 cells to express Hsp72 on the plasma surface, this would make the 4T1 cells more susceptible to NK cell-mediated lysis and result in slower growth of 4T1 tumors that have been exposed to nonlethal heat shock prior to implantation (table 1). We further hypothesized that the expression of Hsp25 on the surface of the 4T1 cells enhanced their ability to grow at the site of inoculation and metastasize to the lungs. As expected, by day 5 after tumor cell inoculation, mice injected with Hsp25 high /Hsp72 -4T1 tumors had tumors Hsp25 (fig. 4) . Taken together, these data suggest that the high expression of Hsp25 or Hsp72 on the surface of injected tumors correlates with enhanced or inferior growth of primary tumors, respectively. 
Surface Expression of Hsp25 and/or Hsp72 during Metastatic Spread of 4T1 Breast Adenocarcinoma
To determine the relative importance of the surface expression of Hsp25 for the metastatic spread of 4T1 cells from the abdominal breast gland to the lungs, we performed a clonogenicity assay on lungs of mice that had undergone injection of 4T1 cells in the abdominal breast gland 21 days previously. Mice injected with 4T1 cells that had been exposed to nonlethal heat shock treatment expressed significantly fewer colonies than those injected with non-heat-shocked tumors ( fig. 5 ). When sorted on the basis of Hsp25 or Hsp72 surface expression, Hsp25 + / Hsp72 --expressing 4T1 tumors exhibited a far greater potential to metastasize to the lungs than Hsp25 -/ Hsp72 + -expressing tumors, which exhibited a far weaker ability to metastasize and colonize the lungs ( fig. 5 ). Phenotypic characterization of the 4T1 cells that metastasized to the lungs revealed a disproportionately high expression of Hsp25 on the plasma surface (table 1) . Interestingly, 4T1 cells that were sorted for their specific lack of Hsp25 surface expression, i.e. Hsp25 -/Hsp72 + cells, although they metastasized poorly to the lungs ( fig. 5) , when analyzed for surface expression, they showed a reappearance of Hsp25 and a lack of Hsp72 expression (table 1). These results suggest that after tumor cell inoculation in the abdominal breast gland, survival, growth and eventual metastasis to the lungs favor Hsp25-but not Hsp72-expressing cells.
Expression of Hsp25 and/or Hsp72 and Survival of Animals after 4T1 Tumor Challenge
We next performed survival experiments to determine the importance of Hsp25 and Hsp72 in the ultimate survival of the animals with 4T1 tumors. Mice were injected with 4T1 cells into the abdominal breast gland and survival was followed over 40 days. The expression of Hsp72, induced by nonlethal heat shock treatment, greatly enhanced the survival of animals after challenge with 4T1 tumors (fig. 6 ). By day 25 after tumor cell inoculation, while 100% of animals injected with heat-shocked 4T1 cells were still alive, only 50% of mice injected with non-heat-shocked 4T1 cells were still alive ( fig. 6 ). At the end of the experiment, 50% of mice injected with heatshocked 4T1 cells were still alive, as compared to no survivors in the non-heat shock-treated controls ( fig. 6 ). Taken together, these results suggest that the upregulation of surface-expressed Hsp72 and concomitant suppression of Hsp25 induced by nonlethal heat shock treatment play an important role in the survival of animals after tumor challenge.
Discussion
Our studies were designed to examine the role of Hsp72 and Hsp25 surface expression during tumor growth and metastatic spread of 4T1 mammary adenocarcinoma tumors from the abdominal breast gland to the lungs. To address this question, we used the 4T1 breast adenocarcinoma tumor model; when injected into the abdominal breast gland of BALB/c mice, 4T1 tumors spontaneously metastasize to the lung, liver, lymph nodes and brain without the need to remove the primary tumor [21] . This makes the model uniquely similar to human breast cancer with respect to growth and metastasis. Several studies have been performed to determine the role of Hsp25/27 and Hsp70 during tumor progression [5, 22] and in response to current anticancer drugs [4, 23] . Most studies have attributed a modest prognostic value to Hsp27 in breast cancer, and it has been implicated in drug resistance [23] . Several studies report that enhanced or maintained expression of Hsp27 is an independent and accurate predictor of poor clinical outcome for individuals with breast [5] or prostate cancer [24] . Our findings support these studies; however, these studies measured total Hsp27 and Hsp70 expression, whereas our studies specifically identified Hsp25 and Hsp72 expressed on the surface of 4T1 tumors. This is a very important distinction because of the dichotomy that has been revealed between intracellularly and extracellularly expressed Hsp [for a review, see ref . 25] . Enhanced expression of intracellular Hsp72 has clearly been shown to be anti-inflammatory [17] and antiapoptotic [26] , to induce cell cycle arrest [26] and to protect cells from a variety of stressful stimuli [for reviews, see ref. 11, 27] . In contrast, enhanced extracellular expression of Hsp72 either on the surface of tumors or in the extracellular milieu either enhances NK cell-mediated lysis [28] or upregulates APC-mediated acute-phase responses [14] [15] [16] 29] , respectively.
With this background, it might be expected that Hsp25 would exhibit a similar differential pattern of activation depending on its cellular location. In this study, we showed that high surface expression of Hsp25 on 4T1 tumors significantly increases their ability to grow within the abdominal breast gland ( fig. 4) and to successfully metastasize and colonize the lungs (fig. 5) . Indeed, when tumors were further sorted according to the quality of the Hsp25 expressed on the surface, Hsp25 high -expressing tumors grew more aggressively at the site of inoculation than the Hsp25 intermediate -expressing tumors or unsorted controls (fig. 4) . These results suggest that the interaction between host effector cells and tumors expressing high levels of surface-bound Hsp25 results in abrogation and/ or deactivation of host antitumor responses. This is intriguing, since this study and the work of others demonstrate that the interaction between host effector cells and Hsp72 expressed on the surface of tumors activates specific host antitumor responses [19, 28, 30, 31] . Here, we showed that the expression of Hsp72 on 4T1 tumors implanted into the breast gland of female BALB/c mice results in significantly prolonged survival as compared to 4T1 tumors expressing high levels of Hsp25 on their surface (p ! 0.05) ( fig. 6 ).
Our studies have not conclusively determined the exact molecular mechanism by which Hsp25 expressed on the surface of tumors deactivates host antitumor responses; however, our findings show a correlation between high Hsp25 surface expression and enhanced tumor growth and metastasis. We predict that in the 4T1 tumor model, high Hsp25 surface expression is not the only factor that causes tumors to survive and grow within the abdominal mammary gland and eventually metastasize to the lungs. We hypothesize that anti-inflammatory mediators, including IL-4, IL-5, IL-10 and TGF-ß, play an immunosuppressive role and promote tumor growth and metastasis. Studies are currently under way to address this question [Bausero et al., in preparation]. In line with this hypothesis, studies by De et al. [32] demonstrated that exogenous Hsp27 admixed with human monocytes induced the release of IL-10 and TNF-·. It was shown that the Hsp27-induced IL-10 production occurred via the p38-dependent pathway, which proved to be independent of TNF-· activation, thereby suggesting that this signals a predominantly anti-inflammatory signal within the tumor microenvironment [32] . Although in our studies we did not admix exogenous Hsp25 with immunocompetent cells, it is plausible that 'tumor-cell' contact between 4T1 cells that express high levels of surface Hsp25 and immunocompetent cells might have a similar effect, consequently inducing IL-10 secretion and minimal TNF-· release by APC that have migrated into the tumor microenvironment.
Studies from the Multhoff laboratory on the expression of Hsp72 on the surface of tumors have contributed greatly to furthering our knowledge of NK cell-susceptible tumor targets. In comparison with immunocompetent cells, malignant tumor cells, including biopsies from colorectal, lung, neuronal and pancreas carcinomas, liver metastases and leukemic blasts of patients with acute myelogenous leukemia, express high levels of surface Hsp72 [20, [33] [34] [35] [36] . The Hsp72 expression on tumors correlates with an increased sensitivity to NK cell-mediated cytolysis following cytokine stimulation [37] [38] [39] . Indeed, Hsp72-selective NK cell activity was reported to be stimulated in a clinical phase I trial of patients with advanced metastasized colorectal and lung carcinoma when treated with the Hsp72 peptide TKD plus low-dose IL-2 [31] . These studies help explain the remarkable ability of nonlethal heat shock treatment, which induces surface expression of Hsp72, to suppress the potent metastatic potential of Hsp25-expressing 4T1 tumors exhibited in this study. The possibility also exists that an additional mechanism by which nonlethal heat shock treatment results in lower tumor growth and reduced ability of 4T1 cells to colonize the lungs is due to the chaperokine activity of Hsp72 [14-16, 25, 40] . It is possible that exposure of 4T1 tumors to nonlethal heat shock treatment results in the active release of Hsp72 from tumors. The released Hsp72 chaperones tumor-derived peptides that are taken up by APC [14, 41, 42] , and presents tumor-associated antigens to specific cytotoxic T lymphocytes to mount a potent antitumor response. This is currently the working hypothesis for Hsp-based immunotherapies [for a review, see ref. 43 ].
In summary, our studies suggest that in certain cancers, tumor development and metastatic spread favors tumors that overexpress high levels of Hsp25 on their plasma surface, while tumors that express Hsp72 on their plasma surface are sensitive to antitumor effector cells. This implies that therapies that can upregulate Hsp72 surface expression and concomitantly suppress Hsp25/27 surface expression on tumors might result in the suppression of tumor growth and abrogate the tumors' metastatic potential.
